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I N T R O D U C T I O N
Most circadian rhythms in mammals are generated by a pair of nuclei in the anterior hypothalamus known as the suprachiasmatic nuclei (SCN). An understanding of the molecular machinery that drives circadian rhythmicity has been emerging rapidly, and it is believed to involve interacting positive and negative transcriptional feedback loops (Allada et al. 2001; Reppert and Weaver 2001) . These molecular feedback loops function at the level of individual cells, and to date, most evidence suggests that single SCN neurons function as independent oscillators (Herzog and Schwartz 2002) . This is not to imply that all SCN neurons are the same; in fact, a wide range of evidence is emerging for distinct cell populations within the SCN (e.g., Hamada et al. 2001; Kuhlman et al. 2003; Lee et al. 2003; Yan and Silver 2002) . Anatomical evidence supports the broad division of the SCN into distinct core (ventrolateral) and shell (dorsomedial) subdivisions (Abrahamson and Moore 2001) . Neurons in the core are innervated by visual inputs, and in many cases, express the neuropeptide vasoactive intestinal polypeptide (VIP). The mechanisms by which SCN neurons maintain synchrony with each other within a subdivision or between the two subdivisions are not yet known.
Most SCN neurons express the classical neurotransmitter GABA and are likely to use this neurotransmitter to regulate neuronal excitability and synchronization of spontaneous activity within the nucleus. Glutamic acid decarboxylase (GAD), the enzyme responsible for synthesizing GABA, is found in nearly all neurons of the SCN (Moore and Speh 1993) , while both GABA A and GABA B receptors have been identified in the SCN using autoradiographic and electrophysiological techniques (Francois-Bellan et al. 1989; Liou and Albers 1990) . Electrophysiological analysis indicates that SCN neurons receive a tonic input of GABA A -mediated postsynaptic currents that, at least partly, originate within the SCN itself (de Jeu and Pennartz 2002; Jiang et al. 1997; Kim and Dudek 1992; Strecker et al. 1997) . Other sources of GABAergic activity include the contralateral SCN and other hypothalamic nuclei (e.g., Morin and Blanchard 2001; Saeb-Parsy et al. 2000) . Although the effects of GABA on spontaneous firing are currently under debate, there is no question that this transmitter plays a critical role in regulating neuronal activity and excitability in the SCN (see de Jeu and Pennartz 2002; Gribkoff et al. 1999; Liu and Reppert 2000; Shimura et al. 2002; Shirakawa et al. 2000; Wagner et al. 1997) . Importantly, it has been shown in culture that GABA, acting through the GABA A receptor, can both phase-shift and synchronize the electrical activity of SCN neurons (Liu and Reppert 2000; Shirakawa et al. 2000; Tominaga et al. 1994) . Thus the synaptic release of GABA is likely to play a critical role in the coupling of the neural activity of individual SCN oscillators.
In this study, whole cell patch electrophysiological techniques were utilized to record spontaneous inhibitory postsynaptic currents (sIPSCs) in SCN neurons. Comparisons were made between inhibitory currents recorded in the day and night as well as ventral and dorsal regions of the SCN. Next, the possible role of the neuropeptide vasoactive intestinal peptide (VIP) in driving a daily rhythm in sIPSC was examined. In addition, the possibility that VIP's actions on GABAergic sIPSCs are mediated by the cAMP/protein kinase A (PKA)-dependent pathway was evaluated. Finally, experiments determined whether any daily variation would remain when animals were held in constant darkness (DD), a hallmark feature of a circadian rhythm.
M E T H O D S

Animals and brain slice preparation
The UCLA Animal Research Committee approved the experimental protocols used in this study. Mice were received at 21 days of age and housed in light:dark (LD; 12:12) for Ն1 wk prior to performing electrophysiological experiments. Brain slices were prepared using standard techniques from C57 BL/6 and VIP/PHI-deficient mice backcrossed for eight generations between 3 and 8 wk of age. The VIP/PHI-deficient mice used in this study are described in detail by Colwell et al. (2003) . Animals were killed by decapitation, and brains were dissected and placed in cold oxygenated artificial cerebral spinal fluid (ACSF) containing (in mM) 130 NaCl, 26 NaHCO 3 , 3 KCl, 5 MgCl 2 , 1.25 NaH 2 PO 4 , 1.0 CaCl 2 , and 10 glucose (pH 7.2-7.4). After cutting slices (Microslicer, DSK Model 1500E) from areas to be analyzed, coronal sections (350 m) were placed in ACSF (25-27°C) for Ն1 h (in this solution, CaCl 2 is increased to 2 mM, MgCl 2 is decreased to 2 mM). Slices were constantly oxygenated with 95% O 2 -5% CO 2 (pH 7.2-7.4, osmolality 290 -300 mOsm).
Whole cell patch-clamp electrophysiology
Methods are similar to those described previously (Colwell 2001; Itri and Colwell 2003; Michel et al. 2002) . Briefly, slices were placed in a recording chamber (PH-1, Warner Instruments) attached to the stage of a fixed-stage upright microscope equipped with infrared differential interference contrast (IR-DIC) optics and a camera. The standard solution in the patch pipette contained (in mM) 112.5 Kgluconate, 1 EGTA, 10 Hepes, 5 MgATP, 1 GTP, 0.1 leupeptin, 10 phosphocreatine, 4 NaCl, 17.5 KCl, 0.5 CaCl 2 , and 1 MgCl 2 . The pH was adjusted to 7.25-7.3 and the osmolality between 290 -300 mOsm. Whole cell recordings were obtained with an Axon Instruments 200B amplifier and monitored on-line with pCLAMP (Ver. 8.0, Axon Instruments). To minimize changes in offset potentials, the ground path used a KCl agar bridge to an Ag/AgCl ground well. Cells were approached with slight positive pressure (2-3 cm · H 2 O), and offset potentials were corrected. After forming a high-resistance seal (Ͼ10 G⍀) by applying negative pressure, a second pulse of negative pressure was used to rupture the membrane. Data were not collected if access resistance was Ͼ40 M⍀ or if the value changed significantly (Ͼ20%) during the course of the experiment. The standard extracellular solution used for all experiments was ACSF. Drug pretreatments were performed by dissolving antagonists in the ACSF used to incubate the slices for Ն1 h and continuing to bathe the slices with antagonist in the recording chamber throughout the experiment. Solution exchanges within the slice were achieved by a rapid gravity feed delivery system. In our system, the effects of bath applied drugs began within 15 s and were typically maximal by 3-5 min.
Spontaneous currents were recorded with pClamp in the gap-free mode and analyzed using Minianalysis software (Ver. 5.2.12, Synaptosoft). Events were detected using the following criteria: threshold, 5 pA; period to find local maximum, 5 ms; time before peak for baseline, 6 ms; period to search decay time, 50 ms; fraction of peak to find decay time, 0.38; period to average baseline, 2.5 ms; area threshold, 15; and detect complex peak enabled. Threshold was determined by measuring noise and setting the minimum threshold at 2 SD above the noise. Events were excluded if the decay time was Ͻ6 ms . The same criteria were used for evaluating the frequency of miniature IPSCs in the presence of TTX. IPSC frequency was determined by counting the number of events during a 1-to 2-min time bin and reporting this number as events per second or Hertz. Baseline frequency was determined 3 min after entering the whole cell configuration and treatment frequency was determined 5 min after the beginning of drug perfusion. All recordings were completed within 12 min to avoid cell dialysis (Schaap et al. 1999) . Using these criteria in untreated cells, baseline sIPSC frequency typically did not vary significantly over the 12-min time span. Neurons that demonstrated at least a 5% change in the frequency of sIPSCs after drug treatment were considered "responders" and included in the appropriate treatment group.
Lighting conditions
Male mice, Ն21 days of age, were housed individually, and their wheel-running activity was recorded as revolutions per 3-min interval. The running wheels and data acquisition system were obtained from Mini Mitter (Bend, OR). To evaluate diurnal variations in sIPSCs and VIP-mediated modulation of these GABA currents, animals were killed ϳ1 h before the beginning of the phase of interest. When taking animals from the dark portion of the LD cycle, an infrared (IR) viewer was used to avoid light exposure. Zeitgeber time (ZT) is used to describe the projected time of the circadian clock within the SCN based on the previous light cycle, with lights-on defined as ZT 0. Data were pooled either in 1-h time bins (Fig. 2 ) or in groups to compare phases termed "day" (ZT 4 -8), "early night" (ZT 13-15), and "late night" .
To evaluate the effects of constant darkness on IPSC frequency and VIP release, wheel-running activity was measured for Ն1 wk in LD to ensure that animals were entrained and running on wheels. Once a clear pattern of wheel-running activity was established in LD, the lights were discontinued, and the animals were maintained in the same light-tight chamber in DD for Ն4 days before death. Only animals maintaining a coherent wheel-running pattern in DD were used in electrophysiological experiments. The locomotor activity rhythms of mice were analyzed by generating actograms (El Temps, Barcelona, Spain) to determine the circadian phase, with the onset of activity defined as circadian time 12 (CT 12). Animals were removed during the appropriate phase and killed in complete darkness using IR viewers 1 h prior to recording. Data for sIPSC frequency were acquired during the subjective day (CT 4 -8), early subjective night (CT 13-15), and late subjective night .
Statistics
Between-group differences were first evaluated using an ANOVA to determine if there were any significant differences among means of all groups. Post hoc pairwise comparisons were performed using t-test or Mann-Whitney rank sum tests when appropriate. Values were considered significant if P Ͻ 0.05. All tests were performed using SigmaStat or SigmaPlot (SPSS, Chicago, IL). In the text, values are shown as means Ϯ SE. Each group of data are collected from Ն3 animals, with n representing the number of cells recorded.
R E S U L T S
Characterization of GABA-mediated sIPSCs recorded in the SCN
We used the whole cell voltage-clamp technique to record sIPSCs from neurons in the SCN. sIPSCs were widespread in the SCN and could be detected from every neuron recorded (n ϭ 552; Fig. 1 ). Each of these cells was determined to be within the SCN by directly visualizing the cell's location with IR-DIC videomicroscopy before any data were collected. In most cases, the IR-DIC video images were sufficient to identify a cell as being in either ventral or dorsal regions of the SCN (see Itri and Colwell 2003) . Across all phases and regions and in the absence of drug treatments, the mean frequency and mean amplitude of GABAmediated sIPSCs recorded in the SCN at a holding potential of Ϫ70 mV was 7.9 Ϯ 0.4 (SE) events/s and 15.5 Ϯ 0.8 pA, respectively. The time to rise and time to decay (latency of the inward current peak from the baseline) were 2.5 Ϯ 0.1 and 15.4 Ϯ 0.6 ms, respectively. In the whole cell voltage-clamp configura-tion, sIPSCs exhibited a reversal potential between Ϫ40 and Ϫ50 mV. The chloride equilibrium potential (E Cl ) set by the concentration of chloride in the bathing media and internal solution (see METHODS) was calculated to be Ϫ45.6 mV at 25°C, which is consistent with the reversal potential measured during whole cell recording. The reversal potential for sIPSCs stabilized within 3 min of entering the whole cell configuration and remained constant for the duration of the experiment. Subsequently, GABAmediated sIPSCs appear as inward currents because the reversal potential for chloride was more positive than the holding potential. All sIPSCs were completely abolished with the GABA A antagonist bicuculline (25 M, 8/8 neurons tested), indicating that they were mediated by GABA A receptors. In contrast, the sIPSCs were unaffected by the AMPA/KA glutamate receptor (GluR) antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 M; 8/8 neurons tested; data not shown).
IPSC frequency in the dorsal SCN exhibited a TTX-sensitive daily rhythm
The next experiment was designed to determine whether sIPSCs recorded in SCN neurons show a daily rhythm in frequency. These experiments were performed with brain slices taken from animals at different phases during the LD cycle. Other than the time that the animals were killed, all conditions between the groups remained constant. The data for this experiment were collected between ZT 4-12 and ZT 13-22 and pooled into 1-h time bins. In the dorsal SCN (dSCN), the sIPSC frequency exhibited a daily rhythm that peaked during the late day (ZT 11-12) and remained significantly increased during the early night (ZT 13-15; Fig. 2 ). The frequency of GABA sIPSCs was significantly increased during ZT 11-12 (11.9 Ϯ 1.5 Hz; n ϭ 14; P Ͻ 0.05), ZT 13-14 (12.3 Ϯ 1.9; n ϭ 11; P Ͻ 0.05), and ZT 14 -15 (11.9 Ϯ 1.6; n ϭ 17; P Ͻ 0.05) compared with all 1-h bins from ZT 4 -11 and ZT 18 -22. There were no significant differences in the amplitude, rise, or decay times of sIPSCs between any of the 1-h time bins.
When separated into three phases (day ZT 4 -8, early night ZT 13-15, and late night ZT 20 -22), the sIPSC frequency was significantly greater during early night (11.9 Ϯ 1.2 Hz; n ϭ 28) compared with day (7.7 Ϯ 0.8 Hz; n ϭ 51; P Ͻ 0.01) and late night (7.2 Ϯ 1.0 Hz; n ϭ 14; P Ͻ 0.01). These data confirm results reported in a previous study (Itri and Colwell 2003) focusing primarily on VIP-sensitive neurons. There was no significant daily rhythm in sIPSC frequency observed in the ventral SCN (vSCN) between the day (3.9 Ϯ 0.6 Hz; n ϭ 21), early night (4.0 Ϯ 1.0 Hz; n ϭ 29), or late night (3.0 Ϯ 1.8 Hz; n ϭ 10). A significant proportion of sIPSCs recorded in the dSCN were actively driven by action potential firing because the frequency of currents was significantly reduced by the
FIG. 1. GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs) recorded from neurons located in the dorsal suprachiasmatic nucleus (dSCN).
A: sIPSCs recorded from a dSCN neuron during the early night (ZT 13-15, top) are reduced in frequency but not in amplitude when treated with TTX (bottom). Frequency was determined by counting the number of events during a 1-to 2-min time bin and comparing the frequency before and after treatments. B: amplitude, rise time, and decay time measurements were recorded for each event. There were no significant differences in the amplitude, rise, or decay times when comparing sIPSCs before (left) and after (right) TTX application. FIG. 2. GABAergic sIPSC frequency peaks between ZT 11 and ZT 15 in mice held under 12-h light:dark (LD) conditions. Each data point represents the average frequency of GABAergic sIPSCs during a 1-h time bin Ϯ SE (n ϭ 8 -17/bin). application of the sodium (Na ϩ ) channel blocker TTX (1 M). Furthermore, action potential firing is required for expression of the daily rhythm in sIPSC frequency, because in the presence of TTX, the frequency of mIPSCs was not significantly different in the dSCN between day (4.0 Ϯ 0.8 Hz; n ϭ 10), early night (3.3 Ϯ 0.7 Hz; n ϭ 13), or late night (2.8 Ϯ 0.8 Hz; n ϭ 7). The amplitudes of GABA-mediated currents were not significantly affected by TTX (data not shown).
Rhythmicity of GABA-mediated IPSCs is dependent on VIP and the VPAC 2 receptor
Previous studies have shown that VIP is expressed in the SCN (Moore et al. 2002) and is a potent regulator of sIPSC frequency (Itri and Colwell 2003) . The following experiments were designed to determine if the rhythm in sIPSC frequency is dependent on the neuropeptide VIP. Pretreatment with the VPAC 1 /VPAC 2 receptor antagonist {[Tyr1,DPhe2]GHRF(1-29); 100 nM} significantly reduced the peak in GABA sIPSCs during the early night (7.9 Ϯ 2.0 Hz; n ϭ 10) compared with control (11.9 Ϯ 1.2 Hz; n ϭ 28) in dSCN neurons. Pretreatment with a VPAC 2 receptor-specific antagonist (PG 99-465; Moreno et al. 2000) also reduced the peak in sIPSC frequency observed during early night (200 nM; 7.9 Ϯ 2.3 Hz; n ϭ 8) compared with control (11.9 Ϯ 1.2 Hz; n ϭ 28; Fig.  3 ). Pretreatment with either antagonist during the day had no significant effect on the frequency of GABA-mediated sIPSCs (VPAC 1 /VPAC 2 antagonist: 7.1 Ϯ 2.3 Hz; n ϭ 7; VPAC 2 receptor-specific antagonist: 7.6 Ϯ 2.3 Hz; n ϭ 13) compared with control (7.7 Ϯ 0.8 Hz; n ϭ 51) in dSCN neurons. Additionally, pretreatment with PG 99-465 during late night had no significant effect on the frequency of GABA-mediated sIPSCs (VPAC 2 receptor-specific antagonist: 6.8 Ϯ 1.3 Hz; n ϭ 9; data not shown in figure) compared with control (7.1 Ϯ 1.0 Hz; n ϭ 14) in dSCN neurons.
Next, we determined whether the frequency of sIPSCs recorded in dSCN neurons varied with the phase of the daily cycle in VIP/PHI-deficient mice (Colwell et al. 2003) . The data were collected at various phases of the animal's daily cycle corresponding to ZT 4 -8, ZT 13-15, and ZT 20 -22 as in the experiments referenced above. In contrast to wild-type animals, the sIPSC frequency in VIP/PHI-deficient animals remained relatively constant throughout the day (7.4 Ϯ 1.9 Hz; n ϭ 6), early night (7.7 Ϯ 1.2 Hz; n ϭ 13), and late night (7.6 Ϯ 1.0 Hz; n ϭ 6). Together, data from the receptor antagonists and VIP/PHI-deficient mice strongly indicate that VIP, acting through the VPAC 2 receptor, is responsible for the rise in sIPSC frequency observed in the early night.
We also characterized the sensitivity of SCN neurons to exogenous VIP during various phases of the animal's daily cycle. In control animals, the magnitude of VIP-mediated enhancement of sIPSC frequency was phase-dependent (Fig.  4) . During the day, application of VIP (100 nM) increased the frequency of sIPSCs by 40 Ϯ 7% (n ϭ 7). In contrast, the same VIP treatment increased the frequency of sIPSCs 16 Ϯ 5% (n ϭ 6) during the early night and 15 Ϯ 3% (n ϭ 6) during the late night. The effect of VIP on sIPSC frequency was significantly greater (P Ͻ 0.05) during the day than either early or late night. Similar experiments performed in VIP/PHI-deficient animals revealed that, in the absence of endogenous VIP, there was no longer a phase-dependent effect of exogenous VIP on GABA-mediated sIPSCs (Fig. 4) . Before VIP treatment, the frequency of sIPSCs in VIP/PHI-deficient animals during the day (7.4 Ϯ 1.9, n ϭ 6) was indistinguishable from the frequency measured during the early night (7.2 Ϯ 1.6, n ϭ 6) and the late night (7.6 Ϯ 1.0, n ϭ 6). Application of VIP (100 nM) increased the frequency of sIPSCs by 49 Ϯ 10% (11.0 Ϯ 1.2, n ϭ 6) during the day, 51 Ϯ 9% (10.9 Ϯ 2.3, n ϭ 6) during the early night, and 51 Ϯ 5% (11.5 Ϯ 1.8, n ϭ 6) during the late night. These data show that VIP/PHI-deficient mice are sensitive to VIP treatment in a manner similar to wild-type animals treated during the day when VIP levels are lowest. The effect of VIP was long-lasting and did not wash out after 30 min of drug-free ACSF (n ϭ 10). FIG. 3. Vasoactive intestinal peptide (VIP) and the VPAC 2 receptor are necessary for the peak in GABA sIPSCs observed during the early night. Pretreatment of dSCN neurons with a VPAC 2 receptor-specific antagonist (PG-465; 200 nM; n ϭ 23) blocked the peak in GABA sIPSCs during the early night (ZT 13-15) while having no effect during the day (ZT 4 -8). The frequency of GABA sIPSCs in dSCN neurons of VIP/PHIdeficient mice (VIP KO) did not exhibit a daily rhythm that peaked during the early night.
Rhythmicity in GABA-mediated sIPSCs is dependent on the cAMP/PKA pathway
Previous studies have found that VIP acting through VPAC 2 receptors is positively coupled to the cAMP/PKA secondary messenger system (Harmar et al. 1998; Nowak and Kuba 2002) . We used agonists and antagonists of PKA to determine if the cAMP/PKA system was necessary for the observed peak in GABA-mediated IPSCs during the early night (Fig. 5) . Indeed, pretreatment of dSCN neurons with the PKA inhibitor H-89 (20 M) completely blocked the increase in GABA sIPSCs during the early night (7.3 Ϯ 1.7 Hz; n ϭ 7) compared with control (11.9 Ϯ 1.2 Hz; n ϭ 28). The frequency of GABA sIPSCs did not change significantly in response to H-89 (20 M) during the day (7.3 Ϯ 1.8 Hz; n ϭ 7). Furthermore, pretreatment of the slice with forskolin (5 M), a potent activator of PKA, enhanced the frequency of sIPSCs both during the day (13.0 Ϯ 2.2 Hz; n ϭ 7) and the early night (13.9 Ϯ 2.7 Hz; n ϭ 7) compared with control. Neither PKA modulator significantly affected the amplitude, rise time, or decay time of GABA sIPSCs (data not shown). Overall, the rhythm in   FIG. 4 . The phase-dependent effect of VIP on the frequency of GABAergic sIPSCs in control animals was absent in VIP/ PHI-deficient animals. The effect of VIP (100 nM) on sIPSC frequency of dSCN neurons was significantly greater (P Ͻ 0.05) during the day (ZT 4 -8) than during either the early night (ZT 13-15) or the late night . In VIP/PHI-deficient animals, VIP significantly increased the frequency of GABA IPSCs by the same magnitude during all phases. FIG. 5. The cAMP/protein kinase A (PKA) signaling system is necessary for the peak in GABA sIPSCs observed during the early night. Pretreatment of dSCN neurons with a PKA inhibitor (H-89; 20 M, n ϭ 14) blocked the peak in GABA sIPSCs during the early night (ZT 13-15) while having no effect during the day (ZT 4 -8). Pretreatment of dSCN neurons with a potent activator of PKA (forskolin; 5 M) increased the frequency of GABA sIPSCs during both day (13.0 Hz, n ϭ 7) and early night (13.9 Hz, n ϭ 7), effectively abolishing any significant difference between these phases. sIPSCs was abolished by both an inhibitor and activator of PKA, strongly implicating the cAMP/PKA system in the expression of this daily rhythm.
Circadian rhythm in GABA IPSCs in animals housed under constant conditions
Temporal profiles of VIP release examined in organotypic SCN slice cultures over a 2-day period revealed a circadian rhythm in VIP release from the ventrolateral region (Shinohara et al. 1994) . Since the daily rhythm in GABAergic sIPSCs is driven by VIP in LD, it is possible that rhythmic VIP release in DD continues to drive a circadian rhythm in GABAergic sIPSCs in the dSCN. For these experiments, mice were placed in DD, and wheel-running activity rhythms were recorded. The data for sIPSC frequency were collected between CT 4 -8 (subjective day), CT 13-15 (early subjective night), and CT 20 -22 (late subjective night). Although a similar trend in sIPSC frequency existed in animals housed in DD, the clear peak previously observed in LD during the day (ZT 4 -8) was no longer present in DD (Fig. 6) . Unlike under LD conditions, the GABA frequency measured in the dSCN during subjective day (9.5 Ϯ 1.2 Hz; n ϭ 23) was not significantly different from the early subjective night (10.3 Ϯ 1.4 Hz; n ϭ 25). However, the frequency of sIPSCs was significantly lower during the late subjective night (6.3 Ϯ 1.0 Hz; n ϭ 21; P Ͻ 0.05) compared with subjective day and early night, indicating that a rhythm in GABA sIPSCs remained under DD conditions. Pretreatment of dSCN neurons with a VPAC 2 receptor-specific antagonist (PG-465 200 nM) blocked the rhythm in GABA currents by reducing the frequency of GABAergic sIPSCs during the subjective day (7.4 Ϯ 2.0 Hz; n ϭ 9) and the early subjective night (6.9 Ϯ 0.8 Hz; n ϭ 8) compared with the late subjective night (6.7 Ϯ 1.1 Hz; n ϭ 8; Fig. 6 ). As observed under LD conditions, VIP/PHI-deficient mice housed in DD did not exhibit a rhythm in sIPSC frequency between subjective day (8.2 Ϯ 1.8 Hz; n ϭ 9), early subjective night (7.7 Ϯ 1.9 Hz; n ϭ 10), or late subjective night (7.3 Ϯ 1.0 Hz; n ϭ 8; data not shown in figure) . These data confirm that the rhythm in GABA-mediated sIPSCs is circadian and that, as observed in LD, this rhythm is dependent on VIP.
Sensitivity to VIP was also altered in animals housed in DD. As described above, in mice held in LD, the magnitude of VIP-mediated enhancement of GABA frequency in the dSCN was phase-dependent, with peak responses recorded during the day. In the absence of light, however, there was no longer a phase-dependent effect of VIP on GABA-mediated sIPSCs. Application of VIP (100 nM) increased the frequency of sIPSCs by 23 Ϯ 5% (n ϭ 6) during subjective day, 23 Ϯ 7% (n ϭ 6) during the early subjective night, and 25 Ϯ 3% (n ϭ 6) during the late subjective night.
D I S C U S S I O N
In this study, we used whole cell patch-clamp techniques to characterize GABA A -mediated sIPSCs from neurons in both the dorsal and ventral subdivisions of the SCN. The sIPSC frequency was consistently higher in the dorsal subdivision compared with the ventral subdivision, although every neuron exhibited sIPSCs. The sIPSC frequency measured in the dSCN varied significantly with the daily cycle and exhibited a peak during ZT 11-15, spanning across late day and early night. In contrast, sIPSC amplitude, rise time, or decay time did not vary between SCN subdivisions or with the daily cycle. The rhythm in sIPSCs was dependent on synaptic activity because it was not seen in the presence of a blocker of voltage-dependent sodium channels (TTX). We used various manipulations of the VIP signaling system and its associated secondary messenger ensemble cAMP/PKA to conclusively show that the rhythm in GABAergic activity was dependent on endogenous VIP release. To determine if the day-night difference in sIPSC frequency was circadian, we examined GABA-mediated sIPSCs in mice housed in DD. Under these conditions, we were unable to detect a significant peak in sIPSC frequency during the early subjective night. However, the frequency of GABA sIPSCs during the late subjective night (CT 20 -22) was significantly reduced compared with the other times (CT 4 -8 and CT 13-15), indicating that a rhythm in GABA sIPSCs persisted under DD conditions. Additionally, day-night differences in GABA sIPSCs were absent in VIP/PHI-deficient mice housed under both LD and DD cycles. SCN neurons are well known to exhibit a daily rhythm in electrical activity and membrane conductance with peak electrical activity occurring during the subjective day (Schaap et al. 2003) . The neurotransmitter GABA is frequently thought of as an inhibitory neurotransmitter in the adult mammalian nervous FIG. 6. Circadian modulation of GABAmediated IPSC frequency. GABA frequency measured in dSCN neurons during the subjective day (CT 4 -8; 9.5 Hz; n ϭ 23) was not significantly different from the early subjective night (CT 13-15; 10.3 Hz; n ϭ 25). However, frequency of GABA sIPSCs was significantly lower during the late subjective night (CT 20 -22; 6.3 Hz; n ϭ 21) compared with subjective day (P Ͻ 0.05) and early subjective night (P Ͻ 0.05), indicating that a rhythm in GABA currents persists in DD. Pretreatment of dSCN neurons with a VPAC 2 receptor-specific antagonist (PG-465; 200 nM) blocked the rhythm in GABA currents by reducing the frequency of GABAergic sIPSCs during subjective day (7.4 Hz; n ϭ 9) and early subjective night (6.9 Hz; n ϭ 8) compared with late subjective night (6.7 Hz; n ϭ 8).
system, activating chloride-permeable GABA A ion channels that serve to block action potential generation by either hyperpolarizing the membrane or acting as a transmembrane shunt to prevent rapid depolarization. Our observation that all SCN neurons in this study were under tonic GABAergic influence would suggest that this transmitter plays a significant role in regulating spontaneous firing and excitability during all phases of the circadian cycle. Recently, several groups have suggested that GABA may have an excitatory role in the adult SCN (de Jeu and Pennartz 2002; Wagner et al. 1997 Wagner et al. , 2001 . One possible explanation is that the chloride equilibrium potential shifts with the 24-h cycle and with development in SCN neurons (Shimura et al. 2002) . This issue is as yet unsettled, with one group reporting that GABA is excitatory only during the subjective day (Wagner et al. 1997) , another concluding that GABA is excitatory only during the subjective night (de Jeu and Pennartz 2002) , and yet a third group stating that GABA is inhibitory regardless of the phase (Gribkoff et al. 1999 (Gribkoff et al. , 2003 . In any case, the daily rhythm in GABAergic tone observed in the dSCN undoubtedly impacts both spontaneous electrical activity as well as how these cells respond to excitatory synaptic inputs.
Although the preparation used in this study does not allow us to identify the source of GABAergic input while recording, previous anatomical and electrophysiological studies have described various sources of GABAergic inputs onto SCN neurons. Several electrophysiological studies have observed that SCN neurons receive a tonic level of GABA A -mediated postsynaptic currents, while focal stimulation in the vicinity of recorded neurons reveal that nearly all SCN neurons receive local or extranuclear GABAergic inputs (de Jeu and Pennartz 2002; Jiang et al. 1997; Kim and Dudek 1992; Strecker et al. 1997) . Other proposed sources of GABAergic input include retinal ganglion cells directly innervating the SCN (Jiao and Rusak 2003) , the contralateral SCN (Buijs et al. 1994) , arcuate nucleus, supraoptic nucleus, and intergeniculate leaflet (Morin and Blanchard 2001; Saeb-Parsy et al. 2000) . The observed peak in GABA currents during the early night is TTX-dependent, indicating that neuronal activity is driving the circadian rhythm in inhibitory transmission in the dSCN. The fact that the day-night difference persists in an acute slice preparation suggests that GABAergic input to the dSCN is mediated either by active GABAergic neurons within the SCN or at least within the brain slice preparation.
It has been proposed that electrical signals generated by core SCN neurons (vSCN), which are adjusted to the LD cycle by retinal inputs, are transmitted to the shell region of the SCN (dSCN) through monosynaptic connections (van Esseveldt et al. 2000) . Output from the shell region is synchronized by virtue of direct connectivity to the core region and modified by cortical inputs. However, if sIPSCs recorded from dSCN neurons are driven by neuronal activity within the SCN, a seemingly contradictory situation arises in that the highest level of activity-driven GABAergic transmission in the dSCN occurs during the early night, a time period when the spontaneous firing rate of SCN neurons is significantly reduced (Schaap et al. 2003) . However, recent work suggests that the SCN is a heterogeneous cell population (Karatsoreos et al. 2004 ) and that some cells exhibit peak activity during the night. A recent study using time-lapse imaging of a green fluorescent protein (GFP) reporter of the clock gene Period 1 (Per1) found a positive linear correlation between neuronal spike frequency and Per1 transcription, indicating that Per1 rhythms are representative of physiological activity (Quintero et al. 2003) . Importantly, it was also noted that a small proportion of the sampled neurons cycled in antiphase to the principal phase peak, raising the possibility that a subgroup of SCN neurons acts as inhibitory interneurons within the SCN. Thus we speculate that the dSCN neurons are receiving rhythmic inhibitory input from a distinct population of SCN interneurons that are electrically silent during the day, but highly active during the early night.
We have previously demonstrated that VIP is a potent regulator of sIPSC frequency in SCN neurons (Itri and Colwell 2003) , and in this study, sought to determine the role of the endogenous peptide in driving a circadian rhythm in inhibitory synaptic transmission. An important difference between this study and the previous study (Itri and Colwell 2003) describing the effects of VIP on GABA-mediated sIPSCs is that, previously, VIP was bath-applied to the slice to demonstrate that VIP is capable of enhancing GABA release in the SCN. In this study, we manipulated the endogenous VIP signal to determine if we could prevent the peak in GABA-mediated sIPSC frequency, providing a physiologically relevant measure of VIPs effect in the SCN. We found that pretreatment of SCN slices with a VPAC 1 /VPAC 2 antagonist prevented the increase of IPSC frequency during the early night in the dSCN, as did pretreatment with the VPAC 2 -specific receptor antagonist PG 99-465. Our interpretation is that VIP release is initiated in anticipation of the transition from light to dark (ZT 11-12) and continues to be released during the early night (ZT 13-15), signaling the onset of darkness by presynaptically enhancing GABA release onto dSCN neurons. This is supported by the observation that VIP content in the SCN decreases monotonically in animals maintained in illumination and that light pulses given during the night are more effective at suppressing VIP levels than during the day (Shinohara et al. 1999) . By blocking the receptors for VIP (VPAC 2 receptors), we effectively prevent the endogenous VIP signal from reaching GABAergic terminals synapsing on dSCN neurons. Since the activated VPAC 2 receptor utilizes the cAMP/PKA second messenger system to enhance GABA release (Itri and Colwell 2003) , we concluded that blocking these intermediates would also prevent the peak in GABA sIPSCs observed during the early night. Pretreatment of SCN slices during the early night with the PKA inhibitor H-89 completely blocked the nocturnal increase in sIPSC frequency. Similar experiments performed in transgenic VIP/PHI-deficient animals housed under an LD cycle revealed that, in the absence of endogenous VIP, the daily rhythm in inhibitory synaptic transmission was nonexistent. Thus using a variety of manipulations, our data strongly suggest that the peak in GABA frequency during the early night in an LD cycle is dependent on the VIP signaling system and associated cAMP/PKA second messenger pathway.
Temporal profiles of VIP release reveal a circadian rhythm that is maintained in organotypic SCN slice culture, suggesting that rhythmic VIP release may drive a circadian rhythm in GABAergic sIPSCs in the dSCN under constant conditions (Shinohara et al. 1994) . We examined sIPSCs in control mice housed in DD, and under these conditions, we were unable to detect a significant peak in sIPSC frequency during the early subjective night. The frequency of GABA sIPSCs between subjective day (CT 4 -8) and early subjective night (CT 13-15) were nearly indistinguishable. However, we found that the frequency of GABA sIPSCs was significantly reduced during the late subjective night (CT 20 -22) compared with the rest of the cycle in DD, indicating that the rhythm in GABA sIPSCs was sustained in DD but different from what was predicted from the data observed in a LD cycle. The correlation between rhythmic VIP release and rhythmic sIPSC frequency suggests that changes in VIP release underlie the differences in sIPSC frequency observed during the late subjective night compared with subjective day and early subjective night. Based on these observations, we believe that VIP plays a critical role in driving the daily rhythm in GABA frequency under both LD and DD conditions.
It has been suggested that GABA can modulate light-and N-methyl-D-aspartate (NMDA)-induced phase-shifts by direct regulation of excitability in SCN neurons (Gillespie et al. 1997; Mintz et al. 2002) . By modulating the frequency of GABA release in the SCN, VIP may be an important mediator in the neuronal pathway responsible for light-induced phase-shifting in mammals. Indeed, behavioral experiments performed in heterozygous and homozygous VIP/PHI-deficient mice indicate that both maintenance of a daily rhythm in wheel-running activity and phase-shifting of this daily rhythm are significantly affected in animals with a reduction or absence of endogenous VIP (Colwell et al. 2003) . VIP has a fundamental functional role in biological clock function (Hannibal and Fahrenkrug 2003; Harmar 2003) , which may manifest through regulation of GABA release in the dorsal cell population. It has also been shown that daily treatments with GABA are sufficient to synchronize electrical activity in SCN cell populations in culture (Liu and Reppert 2000; Shirakawa et al. 2000) . In fact, is has been surmised that circadian fluctuations in GABA release within the SCN may be important for synchronizing clock cells with widely different phases and period lengths (Liu and Reppert 2000) . In this study, we have identified a circadian rhythm in GABAergic tone in the dorsal SCN that persists in DD and is driven by the endogenous VIP/VPAC 2 signaling system. 
